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I analyze a fourth generation lepton sector in which the lightest particle is a stable Majorana 
neutrino. In this scenario fourth generation neutrinos have both a Dirac and Majorana mass, 
resulting in two Majorana neutrino mass eigenstates. A reanalysis of LEP's lower mass bound is 
performed on stable Majorana neutrinos from the Z width and the lower mass bound is loosened. I 
also extrapolate LEP's SUSY squark search with a 2 jet plus missing missing energy final state to 
the production and decay of a pair of heavy Majorana neutrinos; here it is expected that significant 
regions of the neutrino mass plane may be ruled out. Finally, a search strategy is proposed for heavy 
fourth generation neutrino pairs at LHC in the four lepton plus missing energy channel. Exclusions 
are set in the neutrino mass plane for 30 fb^ 1 of LHC data at 13 TeV. 

I. INTRODUCTION 

One of the simplest possibilities for beyond the standard model physics is the existence of a fourth generation of 
particles. If a fourth generation exists, its particle masses would naturally lie at the electroweak scale and the leptons 
would likely be the lightest sector, hence the first to be accessible to current colliders. Even such a simple extension 
of the standard model presents rich possibilities for phenomenology, with fourth generation leptons producing signals 
with many jets, large missing energies, or multi-leptons. This work addresses a fourth generation lepton sector in 
which the lightest particle is a stable Majorana neutrino. I present updated constraints from linear colliders on this 
scenario, as well as propose possible search strategies at LHC. Signatures from a fourth generation lepton sector are 
complex, but also rather challenging for hadron colliders. Hadron collider seraches will require looking in unusual 
final states and I present an LHC sensitivity search in a multi-lepton channel. 

Recent work has shown that a fourth generation may be consistent with electroweak precision constraints for certain 
splittings of fourth generation quark masses 0, More recent updates have constrained previous work, but still 
allow a fourth generation at the 95 percent confidence level Q Q ■ Fourth generation quark searches are well underway 
at current hadron colliders; Tevatron places bounds on fourth generation squarks of of 335 GeV for top type quarks 
[j| and 385 GeV for bottom type quarks @, in addition there have been search strategies proposed at LHC [thII- 

The most general lepton sector of a fourth generation consists of a charged lepton with a Dirac mass, and a neutrino 
with both a Dirac and Majorana mass. This means that there are two split Majorana neutrino mass eigenstates. 
It is a common assumption that one of the Majorana neutrinos is the lightest fourth generation lepton. The fourth 
generation leptons couple to other fourth generation leptons through normal gauge couplings, and they may couple 
to the Standard Model leptons through gauge couplings suppressed by CKM matrix elements. These matrix elements 
are generally small, therefore when the heavier fourth generation particles decay they are very likely to do so into 
a lighter fourth generation state plus a gauge boson. Figure 1 shows possible decay scenarios for fourth generation 
leptons. The lightest state may itself decay to SM particles through a nonzero CKM matrix element, or if the neutrino 
CKM's are zero or very small, the lightest particle may be stable on collider lifetimes. 

Fourth generation lepton sectors with unstable neutrinos as the lightest particles have been recently studied. In 
these cases the lightest Majorana neutrino may decay though a CKM suppressed coupling to a W and standard model 
lepton, Ni —> Wl. Mass bounds in this scenario are all placed by LEP [13, EH- 

The mass of the charged lepton is 

excluded up to ^100 GeV. Mass bounds on pure Majorana or Dirac type neutrinos are 80.5 and 90.3 GeV respectively. 
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FIG. 1: Decays of Fourth Generation Leptons into Lightest Neutrino. Here L is the charged lepton, and Ni are the neutrinos. 

Recent analysis has shown that when neutrinos have both a Dirac and Majorana mass, the coupling of neutrinos to 
the Z boson may be reduced by powers of the neutrino mixing angle, hence neutrino pair production is suppressed. 
In this case, mass bounds on the lightest neutrino may be relaxed as far as 63 GeV [12j |. 

Unstable neutrinos lead to interesting and easy to find signatures at hadron colliders. For example, the decay of 
pairs of the lightest Majorana neutrino leads to signatures with like sign di-leptons in half of all decays; charged 
leptons cascade decay through the lightest neutrino, and thus also have hard leptons in their decay chain. Because of 
this signature, fourth generation leptons- if they exist- may be quite easy to see [l3| . For example by considering 
LNi production and looking in the like-sign dilepton channel, charged leptons may be ruled out to 250 GeV by LHC 
with just 1 fb- 1 of data at 7 TeV [U]. 

The case where the lightest Majorana neutrino is stable on collider lifetimes is much less studied and much less 
constrained. While the bound on a charged lepton in this scenario is still set by LEP around 100 GeV, the bound 
on stable neutrinos themselves is extremely low. In fact the only bound on the neutrino sector comes from LEP's 
measurement of the invisible Z width. Contributions to the invisible Z width from any new physics including stable 
neutrinos must be under 21 MeV. This translated to a Majorana neutrino mass bound of just 39.5 GeV [HO- 

In the more general case where there are two Majorana neutrinos, the Z pole limits must be revised. Again the 
coupling of neutrinos to the Z boson is reduced by powers of the neutrino mixing angle, therefore there are regions 
of large mixing in the N1N2 mass plane where the invisible Z width is reduced. I recalculate the lower neutrino mass 
bound from the Z width and show it may be significantly lowered to 33.5 GeV. 

Though the Z pole neutrino mass constraint may be lowered, existing SUSY searches at LEP have the possibility 
to severely constrain fourth generation parameter space in the case that there are two Majorana neutrinos. There are 
many events at LEP in which a heavy and light neutrino pair are produced through the process e + e~ — > N2N1 — > 
ZN1N1 — > 2j + fix- The final state is two jets plus missing energy, which was a channel searched for by LEP's SUSY 
squark search [22J. In this work I attempt to constrain neutrino mass parameter space by applying the results of 
LEP's degenerate squark search to fourth generation neutrinos and I find large exclusions over the Nx, N2 mass plane. 

Unlike the situation at LEP, searches for fourth generation leptons in the case that a stable Majorana neutrino is 
the lightest particle are quite challenging for hadron colliders. Decays of pairs of particles proceed to stable neutrinos 
plus gauge bosons; for example LN2 — > WZN1N1 or N2N2 ZZN\N\. Due to the gauge boson branching ratios, 
most final states consist of jets plus missing energy. However, these signals will be quite hard to for LHC to resolve 
as - unlike gluinos which have a similar signals - these leptons only have an electroweak production cross section. In 
order to search for this scenario, one needs to choose more distinctive signatures. 

Fourth generation leptons, however, are capable of producing more peculiar signals than just jets. I propose as an 
example a search for pairs of the heavier neutrino decaying to the lightest neutrino state, N2N2 — > ZZN\N\ in the 
four leptons plus missing energy channel. In this case I consider the leptonic decay of both Z's. Though the branching 
fraction is small, the background is nearly zero. I present exclusions in the N\,N% mass plane for a 13 TeV run of 
LHC with 30/6" 1 of data. 

This work proceeds as follows, Section 2 reviews the mass formalism for fourth generation neutrinos. Section 3 
addresses the LEP Z pole constraint and probable exclusions in the N 2 Ni mass plane from an existing jets plus 



3 



missing energy search at LEP. Section 4 present a sensitivity study for heavy neutrino pairs at LHC in the Ai + fir 
channel, and Section 5 concludes. 

II. REVIEW OF FOURTH GENERATION LEPTON MASSES AND COUPLINGS 

Consider a fourth generation lepton system with the most general possible masses. In this sector fourth generation 
charged leptons have a Dirac mass, while fourth generation neutrinos have both a Dirac and a Majorana mass. 
The neutrino mass terms maybe written 

1 trt c Arc \ ( m D \ ( Q R 



Diagonalizing the mass matrix, one finds two neutrino mass eigenstates Ni and N 2 . In the mass eigenstate basis the 
Lagrangian becomes 

4 

L m = m 1 N 1 N 1 + m 2 N 2 N 2 + ^ KliE m (2) 

i=l 

where Ni are the neutrinos and L and E are the charged leptons. The neutrino masses are given by 



mi = -(M/2) + ^fm 2 D + M 2 /4; 



m 2 = -(M/2) - ^m 2 D + M 2 /4 (3) 
while the mass eigenstates are given by the neutrino mixing angle; 

Ni = cos Oval + sin 6v R ; N 2 — cos 9v R ~ sin Qv^l (4) 

with 

tan# = mi /mo 

Notice that in the Dirac limit, mi is equal to m 2 , in the majorana limit, m 2 is much bigger than mi. 
The coupling of the leptons to gauge bosons is given by 

C = gZ lx J» + {gW+J»+ + c.c) (5) 

with 

^ = - \ {-clNt^Nx - 2i Se c e N 11 ^N 2 - s 2 e N 2l ^N 2 )) (6) 
2 cos Uw 



J»+ = a{ceNi - is e N 2 h% + ^(c e A^i - is e N 2 )^L (7) 

v2 

Notice that the coupling of the leptons to the gauge boson varies with mixing angle. 



III. NEUTRINO MASS CONSTRAINTS FROM LEP 



I now elaborate the relevant neutrino mass constraints from LEP. Here, pair production of neutrinos occurs through 
a Z boson thus the relevant processes for studying the neutrino sector are e+e~ — > Z — > NiNj. The lightest neutrino 
state is of course stable on collider lifetimes, the heavy state, however, promptly decays to the lightest neutrino 
through an off or on shell Z boson. One must determine the allowed masses of the neutrinos in this scenario. 
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A. 



Z Pole Constraints 



The current mass bound on a stable Majorana neutrino comes only from the invisible width of the Z boson. To 
two sigma, the Z width may be corrected by 21 MeV in the invisible channel and 33MeV overall [16]jT3|- If a stable 
neutrino exists below half of the Z mass, then the Z may decay invisibly to neutrino pairs, increasing its invisible 
width. In the case that a single stable Majorana neutrino exists, this translates to a neutrino mass exclusion of 39.5 
GeV. In the case that there are two Majorana neutrinos, the relevant contributions to the Z width come from three 
processes 



The first process contributes to the invisible width of the Z, while the last two contribute only to the total width. 
If the Z coupling to the lightest stable neutrino is decreased, then the mass bound from the invisible Z width may 
be loosened; in the case that there is a mixing between neutrino states this is precisely what occurs. One sees from 
equation 6 that the the stable neutrino coupling to Z decreases as the neutrino mixing angle increases. The suppression 
of the Z coupling goes like square power of cos#, hence the stable neutrino mass bound may be lowered in the region 
of parameter space where the mixing is large. In order to minimize the invisible width, one wants to make the cosine 
of the neutrino mixing angle as small as possible, for fixed mi this means lowering m 2 thus compressing the neutrino 
masses. 

If the Ni state is also kinematically accessible, then the Z may decay to it as well. If Z decays to N2 pairs or to 
N±N2 there will be a contribution to the total, but not invisible, Z width. The lighter N% is, the larger the contribution 
to the total Z width. There is then some tension between bounds from the invisible and total width of the Z as one 
hits the constraint from the total width as the neutrino masses are compressed. The excluded regions in the N\ N% 
mass plane due to Z width measurements are shown in Figure 2. If one considers only constraints from the Z width 
the minimum allowed N\ mass is relaxed to 33.5 GeV. Extra limits may be placed on this situation however. It 
may be possible that astrophysical measurements from neutrino anihilation constraint lighter neutrino masses in this 
scenario, though no calculation has been made for split mass Majorana neutrinos, see for example [18]. One will see 
in the next section that existing LEP SUSY searches greatly constrain the parameter space. 



As one sees from Eqn. 8, the production of neutrino pairs where a heavy neutrino is present resulting from the 
process e + e~ — > Z — > N{Nj most likely results in decays containing jets plus missing energy. This is a common final 
state in SUSY searches and^one that was looked for by LEP's squark search. In the SUSY search the process under 
consideration was e + e~ — > qq — > qq + XoXOi where th e sq uarks decayed to a quark and stable neutralino. This search 
excluded degenerate squark masses up to 99.9 GeV [22J, which is very near LEP's kinematic limit. One may then 
reasonably expect large exclusions in searches with a similar final state, and one sees that the production of N1N2 
and N2N2 results in similar or identical final states. What is more, the production cross section of sfermions at LEP 
should be about the same as for heavy neutrino pairs, so one would expect similar sensitivities. Though no specific 
search has been done for neutrino pairs, probable limits on the exclusion in the N1N2 mass plane may be placed from 
this existing SUSY search. 

In this analysis N1N2 and N2N2 pairs were generated using MADGRAPH [19(. The events were decayed with 
BRIDGE |2(J and showered with PYTHIA [2l|. LEP's acoplanar jet preselection cuts were implemented [22| 23] . The 
acoplanar jet search found 3110 events with 3514 ± 18 expected from the di-photon background. The pre-selection 
looked for 2 jet events with the following cuts, 

• at least 4 tracks 

• 5 < E ms <150 GeV 

• Et >10 GeV in forward calorimeters 

• energy in 30 degree cone around beam pipe < .25E V i S 

• missing pr >2 GeV 

• sin9 v >.2 



Z -> N1N1 -> E T 
Z -> N X N 2 -> E T +2j, 21 
Z -> N 2 N 2 E T +4j, U, 2j + 2£ 



(8) 
(9) 
(10) 



B. 



LEP SUSY Search Constraints 
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FIG. 2: Plot of search acceptance for acoplar jets in the Ni vs N2 mass plane. 




FIG. 3: Plot of allowed Ni vs N2 mass. The yellow region shows LEP's likely exclusion from SUSY searches. The solid lines 
are Z pole exclusions. 



These cuts were implemented as the basis of this exclusion. Over most of the mass plane, calculated efficiencies 
range up to .19, except where the masses of N2 and N\ are close together, is which case the jets become very soft and 
efficiency is lost. Figure 3 shows efficiencies over the N\ N2 mass plane. A slight loss of efficiency occurs for regions 
where N2 is much more massive than N±. In this case the decay products of N2 are boosted and the two jets from N2 
decay become less distinguishable. The expected exclusion in the N1N2 mass plane from a jets plus missing energy 
search is shown in Fig 3. The exclusion from the Z width is given on the same plot. All exclusions are given at the 95 
percent confidence level. One sees that unless the neutrino masses are degenerate, the heavy neutrinos are excluded 
for most of the mass plane up to LEP's kinematic limit. N2 exclusions in the non-degenerate mass region range up to 
at least 100 GeV, and in some cases 130 GeV. In this same region Ni masses may be excluded at least up to 80 GeV. 
In the region of degenerate neutrino masses, one finds the minimum allowed N± mass set by the Z width constraints 
at 35 GeV. 
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N 2 mass(GeV) N 2 mass(GeV) 



FIG. 4: Left, search acceptance over the N%, Ni mass plane for a 4£ + Pt search. Right, Production cross section of N2 pairs 
over the mass plane. 



C. Hadron Collider Searches 

Moving on from current constraints, one must find channels in which fourth generation leptons may be discovered 
or ruled out at current hadron colliders. The most obvious processes to look for at hadron colliders would be the 
most probable ones, which means jets plus missing energy final states. One may ask if current search strategies have 
a hope of finding heavy leptons in these channels. Both Tevatron and LHC searches for squarks and gluinos would 
be relevant to the Aj + fix and 2j + fix decay channels of neutrino or charged lepton pairs. However these are in fact 
not good channels for looking for fourth generation lepton sectors with stable lightest neutrinos. I will illustrate this 
by considering Tevatron's current SUSY searches. 

Tevatron's gluino search looks for the pair production and decay of gluinos decaying to jets and a stable neutralino. 
The process under consideration is pp — >• gg — > qqq*q* — ► qqqqxaXo, which is a 4 jet plus missing energy final state. 
The current gluino exclusion is given by PDG at 308 GeV [16[ and one might think that pairs of fourth generation 
leptons which decay to an identical final state might also be excluded by this search. This search and any like it, 
however, do not have bearing for the fourth generation scenario. Tevatron looks for gluinos which have a strong 
production cross section, of order 10 pb . In the case of fourth generation leptons however, the production is through 
electroweak processes and is much lower, expected to be only of order lOOfb. Anything with electroweak production 
cross section would require a search with extremely distinguishing cuts to separate it from the large QCD background. 
For example current searches for gluinos only make large exclusions for gluino masses in the MSUGRA scenario in 
which the gluino is much heavier than the neutralino it is decaying into. In MSUGRA in fact m g : tub is 6 : 1. 
This search relies on a very large missing energy cut and very hard jets. As the ratio of gluino to neutralino mass is 
suppressed one must use smaller cuts in analyses and the gluino exclusion loosens. Sensitivities have been estimated 
for gluino searches which rely on lesser cuts on missing energies; these place less stringent bounds on gluino masses [25| 
and can only claim to exclude gluino masses above 120 Gev so, a much weaker bound. When studying the case of pair 
production and decay of weak scale neutrinos, one expects that there will be no large cuts on missing energy or on 
jet PT-, therefore one already faces weaker exclusion even if the production cross section was very large, however the 
production cross section is also orders of magnitude below that of gluinos. Thus the jets plus missing energy signal 
from fourth generation leptons will be entirely swallowed by the background. 

For this reason it is unlikely that Tevatron would be able to find pair produced neutrinos, or a charged lepton and 
neutrino pair using this strategy. At LHC, the situation is identical. The production cross section for a 100 GeV 
heavy neutrino pair at LHC, about 200 fb, is so small that is equal to that of a pair of 1.5 TeV gluinos. The heavy 
gluinos however, would be differentiable from background through the use of extremely hard cuts. Pairs of weak scale 
neutrinos would not have extremely energetic jets and huge missing energy to distinguish them from background. 
Hence, one needs more distinctive signals with low backgrounds in order to find the fourth generation lepton sector 
in this scenario at hadron colliders. One must turn to other channels. A possible set of signals for extracting a fourth 
generation lepton sector at LHC are those with multiple leptons. In this case one must exchange branching fraction 
for clean final states with low background. Though we will only have the Tevatron a few more years, one can count 
on LHC's eventual large luminosity to make such states visible. 

In this case I have chosen to do a sensitivity analysis for finding fourth generation neutrinos in the 4 leptons 
plus missing energy final state. A quad-lepton signal follows from the pair production and decay of heavy neutrinos 
pp^ Z -> N 2 N 2 NiNiZZ. In this case both Z's decay leptonically, N 2 N 2 -> N X N X ZZ -> (MINxNx, thus the final 



state is 4£ + fix- Though the branching fraction is low, this signal quite a spectacular and in addition, the background 
is almost non-existent. 

One may do a sensitivity analysis for excluding N2 pairs using the 4£ + $t final state. The following cuts are used 
in this analysis 

• 4 isolated leptons 

• Most energetic lepton p? > 15 GeV, other two lepton p? > 5GeV 

• E mlss > 50GeV 

• jet veto; Njet < 2 




N 2 mass (GeV) 

FIG. 5: Plot of allowed Ni vs N2 mass. The shaded region is exclusion to 95 percent confidence of an LHC 4£ + pT search. 



Events were generated in MADGRAPH |19|, decayed using BRIDGE [20| and showered through PYTHIA [21|. The 
acceptances were calculated using the above cuts. Both the acceptances and the N% pair production cross sections 
are shown in Fig 4. One sees that the search efficiency is highest when N% is much heavier than N\ and it falls when 
the N2 mass falls as resultant leptons become soft. The total production cross section of course falls as the N% mass 
is increased. The background was calculated from ZZ and jZ production and no events were found. The main factor 
in background rejection was the size of the missing energy cut. An exclusion plot is given in Fig 5 in the N1N2 mass 
plane with 30 fb" 1 of data and at p5 percent confidence. Exclusion of Ni masses range from 100 to 180 GeV, while 
exclusions of N2 masses range from 150 to 250 GeV. 



IV. CONCLUSIONS 



Constraints on fourth generation lepton sectors where the lightest Majorana neutrino is stable were analyzed. 
Neutrino mass constraints from the Z-width were reanalyzed considering that neutrinos may have a Majorana as well 
as a Dirac mass. In addition, mass bounds in the neutrino mass plane were set in light of LEP's acoplanar jet plus 
missing energy search. Finally a sensitivity analysis was performed for a pair of heavy neutrinos decaying to four 
leptons plus missing energy at LHC. Possible exclusions were made in the N\ N2 mass plane with 30 fb^ 1 of data at 
13 TeV. 

Searching for fourth generation leptons in this scenario is quite challenging for hadron colliders even though the 
production cross sections for leptons may be quite high. Finding the charged leptons presents a particular problem. 
For example, production of an LNi pair from a W is quite hight at LHC. In the case of an unstable N\ state, this 
process proved quite easy to find at LHC by looking in the like sign di-lepton channel. However, if the N% state is 
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stable, then the decay process LN\ — > WN\Ni becomes lost in the W background, which at LHC is very large. Finding 
this process in the jets plus missing energy channel is again unlikely due to the overwhelming QCD background. 

However there are other distinctive channels to look in for charged leptons. For example, one may produce pp — > 
W — > LN 2 . This may decay to LN 2 — > WZN1N1 -> 2£ + 2j + $t- If this signal may be distinguished from the 
it background , perhaps with a b veto, this may be an interesting channel to look for new physics in. If one also 
considers cascade decays of charged leptons through the heavy neutrino state there may be even more unusual signals 
to analyze. 

There may also be a different kinds of searches possible at LHC which place constraints on stable neutrinos. Barring 
all else, proposals have been made to search for stable uncharged weakly interacting matter at LHC by measuring 
recoils [2g. These searches were proposed to look for Dark Matter candidates and claim to be especially sensitive to 
light weakly interacting particles. Such a search should be able to place bounds directly on a stable fourth generation 
neutrino mass. 
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